White organic light-emitting diodes (WOLEDs) have been developed for application in display and lighting devices[@b1][@b2][@b3], and one of critical issues of WOLEDs is power efficiency which is determined by driving voltage and external quantum efficiency. In order to improve the power efficiency of WOLEDs, the driving voltage of the WOLEDs should be reduced and the quantum efficiency should be improved. In particular, the quantum efficiency of the WOLEDs should be enhanced for high power efficiency.

There have been several approaches to increase the quantum efficiency of WOLEDs. The most effective way was to use phosphorescent emitting materials instead of fluorescent emitting materials as the emitter of WOLEDs[@b1][@b4][@b5][@b6][@b7][@b8][@b9][@b10][@b11]. The quantum efficiency of WOLEDs could be improved above 20% using the phosphorescent emitters due to theoretically four times higher quantum efficiency of the phosphorescent emitters. Red, green and blue or yellow and blue triplet emitters were mixed in a single emitting layer or stacked in the multilayer structure to fabricate high efficiency WOLEDs. The other way was to combine a blue fluorescent emitter with red and green phosphorescent emitters[@b2][@b12][@b13][@b14][@b15]. In general, blue fluorescent emitters are not compatible with red and green phosphorescent emitters due to triplet exciton quenching of phosphorescent emitters by the fluorescent blue emitters. However, the triplet exciton quenching of red and green phosphorescent emitting materials can be suppressed by adopting high triplet energy blue fluorescent emitting materials[@b15]. In this case, the singlet excitons of the blue emitting materials are used for blue emission, while the triplet excitons of the blue emitter are utilized for energy transfer to red and blue triplet emitters. Therefore, the combination of the blue fluorescent emitters with red/green phosphorescent emitters could produce high efficiency WOLEDs. However, it was difficult to develop high efficiency and high triplet energy blue fluorescent emitting materials and the efficiency of the hybrid type WOLEDs was rather limited.

Recently, thermally activated delayed fluorescence (TADF) emitting materials were developed as high efficiency fluorescent emitting materials[@b16][@b17][@b18][@b19][@b20][@b21][@b22][@b23][@b24][@b25][@b26][@b27]. The TADF emitters could show close to 100% internal quantum efficiency because both singlet and triplet excitons can be harvested for light emission[@b16]. Therefore, the TADF emitters can be effectively adopted as the emitters for WOLEDs because they may not quench triplet excitons of the phosphorescent emitters.

In this work, high efficiency hybrid WOLEDs were developed using green TADF emitter and red/blue phosphorescent emitters. A two emitting layer stack structure was used to fabricate the hybrid WOLEDs. Energy transfer between phosphorescent and TADF emitters was observed and high quantum efficiency of 20.2% was demonstrated using the hybrid WOLEDs. This work is the first demonstration of above 20% external quantum efficiency in hybrid WOLEDs. In particular, high quantum efficiency was achieved in the hybrid WOLEDs with the green fluorescent emitter for the first time.

Results
=======

Device performances of the hybrid green and blue devices
--------------------------------------------------------

In general, the triplet excitons of fluorescent emitters cannot be utilized for light emission because the transition from triplet excited state to singlet ground state is forbidden. However, TADF emitters can harvest the triplet excited state for light emission via reverse intersystem crossing due to small singlet and triplet energy difference[@b16]. Therefore, the TADF emitters may be compatible with phosphorescent emitters and may not quench triplet emission of phosphorescent emitters.

Hybrid organic light-emitting diodes (OLEDs) with blue emitting iridium(III) bis\[(4,6-difluorophenyl)-pyridinato-N,C^2^\]picolinate (FIrpic) and green emitting (4s,6s)-2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile (4CzIPN) were fabricated to explore the possibility of using the hybrid emitting layer in the hybrid WOLEDs. The FIrpic triplet emitter and 4CzIPN TADF emitter were doped in common N,N′-dicarbazolyl-3,5-benzene (mCP) host. [Figure 1(a)](#f1){ref-type="fig"} shows current density-voltage-luminance curves of the hybrid OLEDs doped with FIrpic and 4CzIPN. Doping concentration of FIrpic was 5% and the doping concentrations of 4CzIPN were 0.5%, 1% and 3%. The current density and luminance of the hybrid OLEDs were low at 0.5% doping concentration because of electron trapping by 4CzIPN as shown in energy level diagram in [Figure 1(b)](#f1){ref-type="fig"}. As there was 1.0 eV LUMO level difference between mCP and 4CzIPN, electrons are easily trapped by 4CzIPN, resulting in reduced current density at 0.5% 4CzIPN doping concentration.

Quantum efficiency-luminance curves of the hybrid OLEDs according to doping concentration of 4CzIPN are presented in [Figure 1(c)](#f1){ref-type="fig"}. Maximum external quantum efficiency of the hybrid OLEDs was 19.2% at 0.5% doping concentration and above 18% external quantum efficiency was obtained at other doping concentrations. Considering that the quantum efficiency of mCP:FIrpic device is below 20%, the high quantum efficiency of the hybrid OLEDs indicates that the 4CzIPN does not quench the triplet emission of FIrpic. The triplet energy of FIrpic is transferred to 4CzIPN and contributes to TADF emission of 4CzIPN.

Electroluminescence (EL) spectra of the green/blue hybrid OLEDs are shown in [Figure 2](#f2){ref-type="fig"}. The green emission of 4CzIPN was very weak at 0.5% doping concentration, but it was intensified at high doping concentration. At 3% 4CzIPN doping concentration, the blue emission of FIrpic appeared as a weak shoulder in spite of 5% doping concentration of FIrpic, implying energy transfer from FIrpic to 4CzIPN. There are three main energy transfer processes in mCP:FIrpic:4CzIPN hybrid OLEDs. Energy transfer processes from mCP to FIrpic, mCP to 4CzIPN and FIrpic to 4CzIPN dominate the blue and green emission of the hybrid OLEDs as will be shown in the PL spectra of the mCP:FIrpic:4CzIPN films. EL spectra of the mCP:FIrpic:4CzIPN devices were similar to PL spectra of the mCP:FIrpic:4CzIPN films with the same FIrpic and 4CzIPN doping concentrations.

Device performances of the hybrid white devices
-----------------------------------------------

Based on the device data of the mCP:FIrpic:4CzIPN hybrid OLEDs, WOLEDs were fabricated by stacking the mCP:FIrpic:4CzIPN emitting layer and TPBI:Ir(pq)~2~acac emitting layer. The device structure of the WOLEDs was indium tin oxide (ITO,50 nm)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, 60 nm)/4,4′-(cyclohexane-1,1-diyl)bis(N-phenyl-N-p-tolylaniline) (TAPC, 20 nm)/mCP (10 nm)/mCP:FIrpic:4CzIPN (12.5 nm)/TPBI:Ir(pq)~2~acac (12.5 nm. 3%)/diphenylphosphine oxide-4-(triphenylsilyl)phenyl (TSPO1, 35 nm)/LiF (1 nm)/Al (200 nm). Doping concentrations of 4CzIPN was fixed at 1% and the doping concentrations of FIrpic were 5% and 10% to control the emission zone of the WOLEDs. [Figure 3(a)](#f3){ref-type="fig"} shows current density-voltage-luminance curves of the WOLEDs with different FIrpic doping concentrations. The current density of the WOLEDs was increased at high FIrpic doping concentration because of better charge hopping between FIrpic dopants. However, the luminance was similar irrespective of FIrpic doping concentration, which may be due to rather low recombination efficiency of the WOLEDs at 10% FIrpic doping concentration.

Quantum efficiency-luminance curves of the WOLEDs are shown in [Figure 3(b)](#f3){ref-type="fig"}. High quantum efficiency was obtained at 5% FIrpic doping concentration and maximum quantum efficiency of the hybrid WOLEDs was 20.2%, which was comparable to that of all phosphorescent WOLEDs. The quantum efficiency was slightly decreased at 10% FIrpic doping concentration and maximum quantum efficiency of the hybrid WOLEDs was 18.5%.

EL spectra of the hybrid WOLEDs are presented in [Figure 4](#f4){ref-type="fig"}. The hybrid WOLEDs exhibited relatively strong red emission compared to blue/green emission. The blue/green emission was intensified at 10% FIrpic doping concentration because of recombination zone shift from the red emitting layer to the blue/green emitting layer by better electron hopping through FIrpic dopants. However, the recombination zone was mostly distributed over the red emitting layer considering the strong red emission of the WOLEDs. Color coordinates of the WOLEDs at 5% and 10% FIrpic doping concentrations were (0.49, 0.41) and (0.45, 0.41), which corresponded to warm white color.

To further manage the emission spectra of the WOLEDs, the thickness of the red emitting layer was reduced to 1 nm. The thickness of the blue/green emitting layer was 24 nm. The EL spectra with the thin red emitting layer is presented in [Figure 5](#f5){ref-type="fig"}. The blue/green intensity was increased by optimizing the thickness of blue/green and red emitting layers, resulted in warm white color coordinate of (0.43,0.42) at 1,000 cd/m^2^. Comparing the EL spectra of the hybrid WOLEDs with 1 nm thick red emitting layer at different luminances, there was little change of the EL spectra from 10 cd/m^2^ to 1,000 cd/m^2^. The color coordinates of the hybrid WOLED at 10, 100, 1,000 cd/m^2^ were (0.45,0.43), (0.44,0.42) and (0.43,0.42). There was less than 0.02 shift of the x and y coordinates of the WOLEDs. The relative light emission intensity of the blue/green to red was maintained constant and the light emission intensity of FIrpic compared to green emitting 4CzIPN was also kept stable.

Discussion
==========

The hybrid OLEDs doped with FIrpic and 4CzIPN showed high quantum efficiency possibly due to efficient energy transfer from FIrpic to 4CzIPN without non-radiative triplet exciton quenching of FIrpic by 4CzIPN. In order to study the energy transfer between phosphorescent emitters and a TADF emitter, photoluminescence (PL) measurement of mCP, mCP:FIrpic, mCP:4CzIPN and mCP:FIrpic:4CzIPN was carried out. Doping concentration of FIrpic was 5% in all films. Doping concentration of 4CzIPN in the mCP:4CzIPN film was 3% and the doping concentrations of 4CzIPN in the mCP:FIrpic:4CzIPN were 1% and 3%. [Figure 6(a)](#f6){ref-type="fig"} shows PL spectra of the vacuum deposited films. Energy transfer efficiency was calculated from the PL intensity of mCP in the organic films by exciting the film using 310 nm light source. The energy transfer efficiencies from mCP to FIrpic and mCP to 4CzIPN were 0.96 and 0.85. The energy transfer from mCP to dopant materials was more efficient in the mCP:FIrpic film than in the mCP:4CzIPN film. The energy transfer efficiency was further improved by co-doping FIrpic and 4CzIPN in the mCP host and it was 0.97 in the mCP:FIrpic:4CzIPN film at 1% and 3% 4CzIPN doping concentrations. This indicates that the energy transfer from mCP to dopant materials in the FIrpic and 4CzIPN co-doped emitting layer is very efficient.

The energy transfer from FIrpic to 4CzIPN was further characterized by exciting FIrpic of mCP:FIrpic:4CzIPN using 370 nm light source. There is no absorption of the mCP host material at 370 nm and the excitation using this light source can excite only FIrpic and 4CzIPN without any excitation of mCP. PL spectra of mCP:FIrpic:4CzIPN film excited using 370 nm light source are presented in [Figure 6(b)](#f6){ref-type="fig"}. The intensity of FIrpic in the mCP:FIrpic and mCP:FIrpic:4CzIPN films was compared. Doping concentration of FIrpic was 5% and the doping concentrations of 4CzIPN were 1% and 3%. The FIrpic emission is clearly observed at 1% 4CzIPN doping concentration, but it almost disappeared at 3% 4CzIPN doping concentration, suggesting efficient energy transfer from FIrpic to 4CzIPN at 3% doping concentration.

As the FIrpic triplet emitter and 4CzIPN TADF emitter were doped in the mCP at the same time, delayed PL emission of the mCP:FIrpic:4CzIPN hybrid film was investigated by time resolved PL measurement. Delayed PL spectrum of mCP:FIrpic:4CzIPN with 5% FIrpic and 1% 4CzIPN is shown in [Figure 6(c)](#f6){ref-type="fig"}. Delay time for the measurement was 1 μs. Main emission peak was observed at 498 nm due to delayed fluorescence of 4CzIPN and a weak shoulder was detected at 470 nm by phosphorescent emission of FIrpic. As the excited state lifetime of FIrpic (1.2 μs)[@b28] is shorter than that of 4CzIPN (5.1 μs)[@b16], the light emission after 1 μs was dominated by 4CzIPN emission. Compared with the prompt PL emission spectrum of mCP:FIrpic:4CzIPN, the 4CzIPN emission was intensified due to delayed emission by reverse intersystem crossing from triplet excited state to singlet excited state. It can be inferred from this result that the FIrpic activates the delayed emission of 4CzIPN through efficient energy transfer, which resulted in the high quantum efficiency of the hybrid OLEDs.

As the delayed fluorescence of 4CzIPN was activated and the radiative energy transfer from FIrpic to 4CzIPN was efficient, it was possible to develop high efficiency hybrid WOLEDs using the 4CzIPN delayed fluorescent material. High quantum efficiency above 20% was observed and the high quantum efficiency of the hybrid WOLEDs is related with the high quantum efficiency of the mCP:FIrpic:4CzIPN hybrid OLEDs. As the 4CzIPN dopant did not non-radiatively quench triplet emission of FIrpic, high quantum efficiency could be obtained in the hybrid WOLEDs with a TADF dopant. In the case of common fluorescent green dopant, the fluorescent green dopant quenches triplet emission of phosphorescent dopant and reduces quantum efficiency of the WOLEDs. The suppression of triplet exciton quenching and energy transfer from FIrpic to 4CzIPN improved the quantum efficiency of the hybrid WOLEDs. In addition, balanced charge density in the emitting layer also contributed to the high quantum efficiency of the hybrid WOLEDs. The TPBI:Ir(pq)~2~acac emitting layer efficiently injects electrons due to electron transport properties of TPBI, which improved charge balance in the emitting layer in combination with hole transport type mCP:FIrpic:4CzIPN emitting layer. Therefore, this approach to adopt TADF green emitting material in the hybrid WOLED is effective to enhance the quantum efficiency of the hybrid WOLEDs.

Lifetime of the hybrid WOLEDs was compared with the lifetime of single color devices. [Figure 7 (a)](#f7){ref-type="fig"} shows the lifetime curves of white and single color OLEDs at a constant current mode with an initial luminance of 100 cd/m^2^. The lifetime of the white device up to 60% of initial luminance was similar to that of the red device. Although the lifetime of the green and blue devices was very short, the lifetime of the white device was comparable to that of the red device because of rather strong red emission of the white device. Normalized EL spectra of the white devices before and after lifetime test is shown in [Figure 7 (b)](#f7){ref-type="fig"}. Relative decrease of the blue intensity was observed due to poor stability of the blue triplet emitter.

In conclusion, hybrid WOLEDs with a green TADF emitter and blue/red phosphorescent emitters were developed by stacking the red emitting layer on hybrid emitting layer of blue triplet emitter and green TADF emitter. The triplet emission of blue emitting FIrpic dopant was transferred to 4CzIPN dopant with little quenching, which resulted in high quantum efficiency of 19.2% in hybrid OLEDs of mCP:FIrpic:4CzIPN and 20.2% in the hybrid WOLEDs. The quantum efficiency of the hybrid WOLEDs was comparable to that of all phosphorescent WOLEDs and further development of the device structure and emitting materials may enhance the quantum efficiency of the hybrid WOLEDs.

Methods
=======

Device fabrication
------------------

Device structure of the hybrid OLEDs of FIrpic and 4CzIPN was ITO (50 nm)/PEDOT:PSS (60 nm)/TAPC (20 nm)/mCP (10 nm)/mCP:FIrpic:4CzIPN (25 nm)/TSPO1 (35 nm)/LiF (1 nm)/Al (200 nm). The doping concentration of FIrpic was 5% and the doping concentrations of 4CzIPN were 0.5, 1 and 3%. Hybrid WOLEDs had a standard device structure of ITO (50 nm)/PEDOT:PSS (60 nm)/TAPC (20 nm)/mCP (10 nm)/mCP:FIrpic:4CzIPN (12.5 nm)/TPBI:Ir(pq)~2~acac (12.5 nm. 3%)TSPO1 (35 nm)/LiF (1 nm)/Al (200 nm). The doping concentrations of FIrpic were 5 and 10%, and that of 4CzIPN was fixed at 1 wt%. In addition, hybrid WOLED with 24 nm thick mCP:FIrpic:4CzIPN and 1 nm thick TPBI:Ir(pq)~2~acac (12.5 nm. 3%) was also fabricated. PEDOT:PSS layer was spin coated on the ITO substrate and other materials were deposited by vacuum thermal evaporation. Devices were encapsulated using a glass cover after device fabrication inside a glove box.

Measurements
------------

Solid PL spectra of the mCP:FIrpic, mCP:4CzIPN and mCP:FIrpic:4CzIPN films were obtained using fluorescence spectrophotometer (HITACHI, F-7000). Excitation wavelengths were 310 nm and 370 nm. Current density-voltage curves were recorded using Keithley 2400 source measurement unit and luminance-voltage curves were obtained using the Keithley 2400 source measurement unit and CS1000 spectroradiometer. External quantum efficiency was calculated from the current density and luminance of the devices based on Lambertian distribution of light emission. All device performances were measured in ambient condition after encapsulation of the fabricated device.
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![EL spectra of WOLEDs with 24 nm thick mCP:FIrpic:4CzIPN emitting layer and 1 nm thick TPBI:Ir(pq)~2~acac emitting layer at different luminances.](srep06019-f5){#f5}

![PL spectra of mCP:FIrpic, mCP:4CzIPN and mCP:FIrpic:4CzIPN films excited by 310 nm light source (a) and PL spectra of mCP:FIrpic, and mCP:FIrpic:4CzIPN films excited by 370 nm light source (b). Doping concentrations of 4CzIPN in the mCP:FIrpic:4CzIPN films were 1% and 3%. Doping concentration of FIrpic was 5% in all films and the doping concentration of 4CzIPN in the mCP:4CzIPN film was 3%. Prompt and delayed PL spectra of mCP:FIrpic:4CzIPN film with a delay time of 1 μs (c). Doping concentration of 4CzIPN in the mCP:FIrpic:4CzIPN films was 1%.](srep06019-f6){#f6}

![Lifetime of the red, green, blue and white devices measured at an initial luminance of 100 cd/m^2^ in a constant current mode (a). Device structure of red, green and blue devices was ITO (50 nm)/PEDOT:PSS (60 nm)/TAPC (20 nm)/mCP (10 nm)/host:dopant (25 nm)/TSPO1 (35 nm)/LiF (1 nm)/Al (200 nm). Host:dopant systems for red, green and blue devices were TPBI:Ir(pq)~2~acac, mCP:4CzIPN and mCP:FIrpic. EL spectra of the white device before and lifetime test up to 60% of initial luminance (b).](srep06019-f7){#f7}
